e resource utilization of iron tailing powder is an effective measure to reduce the risk of tailing stacking. Based on the research findings on lime soil, a method for using lime to strengthen iron tailing powder was proposed. F-s curves and c and φ values of iron tailing powder with 0%, 2%, 4%, 8%, and 10% lime were obtained through direct shear tests. e back propagation (BP) neural network algorithm was used to fit the F-s curve, and the fitting equation that met the accuracy requirement was obtained. Based on the energy dissipation theory, the shear failure energy dissipation of iron tailing powder with different lime doses was achieved in the form of definite integrals under different normal stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa, respectively. It was concluded that the addition of lime could increase the shear energy dissipation of iron tailing powder. e shear energy dissipation of iron tailing powder first increased and then decreased with the increase in lime dose. e maximum value was reached with 4% lime, and the energy dissipation increased linearly with increasing normal stress. In this study, the shear performance of limereinforced iron tailing powder was studied through the direct shear test combined with the energy dissipation theory, providing a theoretical basis for the resource utilization of iron tailing powder.
Introduction
Iron tailing powder is one of the products of iron ore sorting operation. Not only it has an impact on the surrounding environment, the tailing stacking also seriously threatens the lives and property of the people downstream of the reservoir area.
erefore, how to use tailings and turn waste into treasure is a matter of great concern to local governments. By the end of 2017, the total stock of various types of tailings in China reached 16 billion tons, of which iron tailings account for one-third of all tailings. Taking Zhejiang Lizhu Iron Ore as an example, about 200,000 tons of dehydrated tailings are produced each year. More than 20 million tons of tailings accumulate in the existing tailing dam storage yard, and the iron tailings occupy a large proportion of land resources with a risk of dam break.
Many studies were conducted on the resource utilization of iron tailing powder, including concrete fine aggregates [1] , wastewater treatment [2] , filling materials of composite material [3] , recovery of iron ore [4] , and use as a road material [5] . e particles with larger particle sizes in Lizhu iron tailings can be used as building materials, bringing economic benefits. However, the tailing particles with a particle size of less than 0.075 mm are small, nonviscous, nonphysicochemically active, and difficult to utilize and transform.
erefore, certain strategies are needed to increase the degree of resource utilization.
Lime-reinforced soil is a building material with a long history; its mechanical properties have been previously explored. Based on the unconfined compressive strength and splitting strength of lime soil, the Mohr-Coulomb destruction envelope curve of lime soil was investigated by Consoli using lime content and porosity as basic parameters [6] . A series of studies were conducted by Wang, including size effect on cementitious aggregates during curing of calcined soil; thermal conductivity, suction, and microstructural changes during curing; and the effect of aggregate size on the compressibility and air permeability of lime-treated fine-grained soils [7] [8] [9] . Jha studied the volume change behavior and strength growth mechanism of lime-treated gypseous soil from the perspective of mineralogy and microstructure [10, 11] . e short-term effects of the physical properties of lime-treated kaolin were studied by Vitale [12] . e aforementioned findings indicated that lime could fill the pores between soil particles to a certain extent and react with the active silica and other components in the soil to improve their mechanical properties.
erefore, lime soil research findings can be used for reference. e iron tailing powder can be modified with lime to form a new composite soil material, which can be used in practical engineering. Energy dissipation is a commonly used method for studying material failure performance such as the factor of safety (FS) of 3D stepped slopes [13] , constitutive model for geotechnical materials [14, 15] , soilsweep interaction [16] , mechanical behaviors of soil [17, 18] , and cement soil [19, 20] . Shearing performance is the most basic mechanical property of geotechnical materials. erefore, the research findings on lime soil can be used to study the shear properties of lime-reinforced iron tailing powder based on energy dissipation theory.
Physicochemical Properties of Iron
Tailing Powder e test samples were obtained from Zhejiang Lizhu Iron Ore (Figure 1 ). e chemical composition, physical properties, and particle composition were tested separately. e test results were as follows.
According to the chemical analysis method of GB/T176-2008, the content of SiO 2 and MgO was higher (41.11% and 16.7%, resp.). e contents of SO 3 and Na 2 O were lower (0.46% and 0.29%, resp.). e iron ore tailings contained 10.8% Fe 2 O 3 . e main chemical composition of iron tailing powder is shown in Table 1 .
Loss on ignition, chloride ion, total alkali content, specific gravity, and specific surface area of iron tailing powder were tested. e test results are shown in Table 2 .
Since the iron tailing powder contained fine particles after sorting, the particle size analysis of iron tailing powder (less than 45 μm, 45-75 μm, 75-100 μm, 100-150 μm, and more than 150 μm) was conducted using a Mastersizer2000 laser particle size analyzer. e results are shown in Figure 2 
Direct Shear Test
Lizhu iron tailing powder has a certain content of SiO 2 . However, the particle size of iron tailings is less than 45 μm.
erefore, a method of using lime to strengthen iron tailing powder was proposed to increase the resource utilization of Lizhu iron tailing powder. e shear performance of the material was the basic mechanical index. e direct shear test was used to study the shear properties of lime-reinforced tailing powder.
Sample Preparation and Testing.
e sample was quicklime, and the lime dose was the percentage of the dry mass of lime relative to iron tailing powder. e doses were 0%, 2%, 4%, 8%, and 10%. ese percentages were chosen considering both international and China experience with soil-lime mixtures in experimental work [6] [7] [8] [9] . In the preparation process, quicklime and iron tailing powders were first stirred for 3 min. en, 17% of water was added and stirred for another 3 min. After standing for 24 h, they were put into a ring knife with a diameter of 61.8 mm and a height of 20 mm. A layer of petroleum jelly was smeared to the interior of the ring knife. e sample was formed by compaction, and the upper and lower surfaces of the sample were leveled. After leaving for 2 h, demolding was performed and the weight of each sample was determined.
e weight of the sample should be controlled at 146 g ± 2 g. e samples were wrapped in a natural environment for 24 h using a plastic wrap ( Figure 3 ) and subjected to direct shear test.
e test equipment was a fully automatic quadruple direct shear apparatus ( Figure 4 ) produced by Nanjing TKA Technology Co., Ltd. It could perform direct shear tests under the action of four normal stresses simultaneously, ensure the test accuracy, and improve the test efficiency. e normal stresses were 100 kPa, 200 kPa, 300 kPa, and 400 kPa, and the shear rate was 1 mm/min. Six shear forces (F) and corresponding shear displacements (s) were recorded every second during the test.
Test Results and Analysis.
Based on the test results, the shear force versus displacement curves of lime-reinforced iron tailings under different normal stresses were plotted, as shown in Figure 5 .
e peak force F max was extracted and the peak shear strength τ max was calculated using the F-s curve according to Equation (1) . e cohesion c and the internal friction angle φ of lime-reinforced iron tailings powder with different lime doses were calculated according to the Mohr-Coulomb principle (Equation (2)) and are plotted in Figure 6 :
(2) Figure 6 shows that the internal friction angle of iron tailing powder increased with increasing lime dose to some extent. When the lime dose increased from 0% to 8%, the internal friction angle increased from 31.7°to 34.7°. From 8% to 10%, the internal friction angle increased obviously from 34.7°to 42.7°, indicating that the addition of quicklime enhanced the friction force between tailing particles to some extent.
e cohesive force of iron tailing powder with added lime first increased and then decreased with increasing amount of quicklime. When the lime dose increased from 0% to 8%, the cohesive force increased from 12.3 kPa to 96.5 kPa with obvious growth about seven times. However, when the lime dose increased from 8% to 10%, the cohesion decreased from 96.5 kPa to 36.3 kPa. It showed that quicklime could improve the cohesion of iron tailing powder when the lime dose increased from 0% to 8%, but the cohesion decreases when the lime dose increased from 8% to 10%.
Since the particle size of the quicklime particles was about 1 μm, and iron tailing powder comprised particles smaller than 45 μm, the quicklime particles could fill gaps between the iron tailing powder particles to some extent, thereby improving their adhesion. When the lime dose was between 2% and 8%, the cohesion of lime-reinforced iron tailing powder increased. As quicklime particles were fine and easy to slide, the frictional effect between iron tailing powder particles was not obvious.
erefore, the shear strength of lime-reinforced iron tailings powder increased within a certain range of lime dose. When the amount of quicklime reached 10%, there produces one or several layers of the lime closely and continuously around the outside surface of the iron tailings powder particles, which just like a "lime film" forming around the iron tailing powder particles, decreasing the cohesion of the iron 
Energy Dissipation
e direct shear test results of lime-reinforced iron tailing powder indicated that a certain amount of quicklime could improve the cohesion and internal friction of the tailing powder, thereby improving its shear resistance. However, it is difficult to comprehensively evaluate the effect of lime dose on the shear performance of iron tailing powder due to two independent parameters of cohesion and internal friction angle. e failure process of the sample direct shear test is actually an energy-dissipating process. erefore, the characteristics of the direct shear test indicate that the energy dissipation can be used to characterize the sample failure process. at is, the characteristics of the F-s curve show that the work done by the shear force is the energy dissipation of sample failure. Due to the limited discrete data points obtained during the direct shear test, it is necessary to accurately obtain the F-s function relationship to accurately obtain the energy dissipation by the test sample. BP neural network is a common data-fitting method. A reasonable neural network structure can simulate almost any nonlinear function [21, 22] .
e BP neural network algorithm was used in this study to fit the F-s curve, and then the definite integral method was used to achieve the shear energy dissipation of lime-reinforced iron tailings powder.
BP Neural Network Curve Fitting.
A BP neural network structure with one hidden-layer and two hidden-layer nodes was chosen: input node and output node. Hidden-layer transfer functions are expressed as in Equation (3), output-layer transfer functions as in Equation (4), and BP neural network information transfer as in Equation (5):
where ω 1(2×1) and b 1(2×1) are the weights and offsets of the input layer, respectively, and ω 2(1×2) and b 2(1×1) are the weights and offsets of the hidden layers, respectively. e use of BP neural network was based on experimental data by error reverse transforming and constantly updating weights and offsets to meet the fitting accuracy. e original data is needed to be normalized according to the following equation to ensure the fitting accuracy, so that the input and output data were all between [-1, 1]:
where x max and x min are the maximum and minimum values of the data to be converted, respectively, x and y denote the data to be converted and the converted data, respectively. Obviously, -1 ≤ y ≤ 1. After BP neural network fitted the functional relationship that satisfied the accuracy, the calculation data were converted into the original data according to the following equation:
Combining Equations (5), (6), and (7), a more accurate F-s fitting equation was obtained, as shown in the following equation:
where 12 /s max C 6 � b 12 − ω 12 , and
Using the F-s experimental data obtained through the direct shear test, F-s fitting equations under different normal stresses with different lime doses were obtained by means of the BP neural network algorithm. e calculation data are shown in Table 3 .
e fitting curve with 4% lime is shown in Figure 7 . Table 3 and Figure 7 show that the BP neural network algorithm provided a more accurate F-s fitting function with an average relative error less than 10%. erefore, the BP neural network algorithm was used to fit the F-s function relationship.
Energy Dissipation Calculation.
According to the fitting formula, the definite integral was used to obtain the shear energy dissipation of iron tailing powder with different lime doses under different normal stresses, as shown in the following equation: 
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where s max is taken as 4 mm consistent with the provisions of 4.7 in Test Method of Soils for Highway Engineering (JTG E40-2007) [23] . e calculation results of the shear energy dissipation of iron tailing powder with different lime doses under different normal stresses are shown in Table 4 . Figure 8 shows that the shear energy dissipation of iron tailing powder with different lime doses increased linearly with increasing normal stress. e shear energy dissipation of lime-reinforced iron tailing powder was higher than that of normal iron tailing powder, and the iron tailing powder with 4% lime had the largest energy dissipation value. Figure 9 shows that under different normal stresses, the shear energy dissipation of lime-reinforced iron tailing powder had the same variation tendency with increasing at is, the shear energy dissipation first increased and then decreased gradually with increasing lime dose. When the lime dosage was 4%, the shear energy dissipation value was the largest.
erefore, it was concluded that 4% lime provided the best ratio.
Conclusions
is study proposed a method for using lime to strengthen iron tailing powder based on the research findings on the lime soil. e F-s curves and c and φ values of iron tailing powders with 0%, 2%, 4%, 8%, and 10% lime content were obtained through direct shear tests. e BP neural network algorithm was used to fit the F-s curve. Based on the energy dissipation theory, the shear failure energy dissipation of iron tailing powder with different lime doses under different normal stresses of 100 kPa, 200 kPa, 300 kPa, and 400 kPa was achieved in the form of a definite integral. Several conclusions are drawn as follows:
(1) BP neural network algorithm has a good fitting accuracy and can be used to fit the F-s curve in the direct shear test. (2) e cohesion of lime-reinforced iron tailing powder first increases and then decreases with increasing lime dose. Also, the internal friction angle increases with increasing lime dose. (3) e incorporation of lime can increase the shear energy dissipation of iron tailing powder. With the increase in lime dose, the shear energy dissipation of iron tailing powder first increases and then decreases, reaching the maximum with 4% lime. Furthermore, the energy dissipation increases linearly with increasing normal stress.
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